The pathologic process in traumatic brain injury marked by delayed axonal loss, known as diffuse axonal injury (DAI), leads to partial deafferentation of neurons downstream of injured axons. This process is linked to persistent visual dysfunction following mild traumatic brain injury (mTBI), however, examination of deafferentation in humans is impossible with current technology. To investigate potential reorganization in the visual system following mTBI, we utilized the central fluid percussion injury (cFPI) mouse model of mTBI. We report that in the optic nerve of adult male C57BL/6J mice, axonal projections of retinal ganglion cells (RGCs) to their downstream thalamic target, dorsal lateral geniculate nucleus (dLGN), undergo DAI followed by scattered, widespread axon terminals loss within the dLGN at 4 days post-injury. However, at 10 days post-injury, significant reorganization of RGC axon terminals was found, suggestive of an adaptive neuroplastic response. While these changes persisted at 20 days post-injury, the RGC axon terminal distribution did not recovery fully to sham-injury levels. Our studies also revealed that following DAI, the segregation of axon terminals from ipsilateral and contralateral eye projections remained consistent with normal adult mouse distribution. Lastly, our examination of the shell and core of dLGN suggested that different RGC subpopulations may vary in their susceptibility to injury or in their contribution to reorganization following injury. Collectively, these findings support the premise that subcortical axon terminal reorganization may contribute to recovery following mTBI, and that different neural phenotypes may vary in their contribution to this reorganization despite exposure to the same injury.
Introduction
Traumatic brain injury (TBI) is an important public health issue which continues to be a major source of death and disability for healthy adults despite strides in education, prevention, and safety. Mild TBI (mTBI) comprises up to 80% of all TBI cases and many of these patients take up to 6 months to recover from associated disability, with a minority of patients (5-10%) never fully recovering (Bazarian et al., 2005; Cassidy et al., 2004; Corrigan et al., 2010; Dean et al., 2015) . Through several studies, the morbidity associated with mTBI has been associated with the presence and extent of diffuse axonal injury (DAI) found throughout the subcortical white matter and callosal projections (Christman et al., 1994; Dean et al., 2015; Farkas et al., 2006; Johnson et al., 2013; Kelley et al., 2006; King, 1997; Wolf and Koch, 2016) . Of particular note in the pathogenesis of DAI, is that following axonal injury, the axon shaft distal to the injury undergoes degeneration and distal target neurons lose part of their excitatory or inhibitory input. This loss of input is hypothesized to lead to dramatic remodeling in surviving connections, however, literature supporting this premise following TBI is sparse because of the technical challenges associated with following terminal loss and recovery in a diffusely deafferentated network (Büki and Povlishock, 2006; Leunissen et al., 2014; Povlishock and Katz, 2005; Wolf and Koch, 2016) .
While multiple brain loci have been linked to the morbidity associated with mTBI, visual circuit dysfunction has been recognized to be a significant contributor to morbidity in the context of mild TBI or concussion (Alvarez et al., 2012; Fimreite et al., 2015; Kapoor et al., 2004; Lachapelle et al., 2008; Lutkenhoff et al., 2013; Schlageter et al., 1993) . Veterans returning from recent foreign conflicts contain a large cohort of patients with visual symptoms due to blast induced TBI (Hoge et al., 2008) . Scalp recordings in post-concussive patients have also demonstrated changes in timing and amplitude of electrical potentials evoked by visual stimulus of increasing complexity as well as decreased luminosity (Fimreite et al., 2015; Papathanasopoulos et al., 2008; Yadav and Ciuffreda, 2013; Yadav et al., 2014) . Collectively, these reports highlight pervasive symptoms in the visual system along with cognitive and memory disturbances associated with mTBI; the latter two of which have previously received significantly more attention (Dymowski et al., 2015; Finnanger et al., 2013) .
Because the detailed analysis of DAI and its correlation to morbidity and recovery are impossible to evaluate in humans using current techniques, in the current communication, we move to an animal model of mTBI. To study this question, we exploit the well-characterized visual axis of the mouse to assess deafferentation and recovery following DAI (Bickford, 2015; Bickford et al., 2010; Guido, 2008; Huberman and Feller, 2008) . Using the mouse central fluid percussion injury (cFPI) model of mild TBI to induce diffuse axonal injury, we have previously reported that the optic nerve reveals a predilection for diffuse axonal injury based on identification of scattered axonal swellings as well as disconnected axonal segments (Wang et al., 2011) . Distinct from other modes of optic nerve injury such as cutting, crushing, or stretching, the cFPI model induces only scattered DAI pathology with the sparing of a large fraction of axons, closely approximating the situation found in most cases of concussion and mild TBI (Marklund, 2016; Maxwell et al., 2015; Shultz et al., 2016 ). In the experiments described here, we utilize this model to evaluate the downstream changes evoked by injury of the optic nerve and conduct analysis of deafferentation as well as potential reorganization of retinogeniculate axon projections to the dorsal lateral geniculate nucleus (dLGN), a critical structure in the formed vision pathway of mouse.
Through the implementation of anterograde tract tracing of retinal ganglion cells (RGCs) using Alexa fluorescent dyes conjugated to recombinant cholera toxin subunit β (CTB) as well as immunohistochemistry against a well described marker for retinorecipient axon terminals, vesicular glutamate transporter 2 (VGLUT2), we examined deafferentation of dLGN relay neurons through the detection of retinogeniculate axon terminals loss and recovery. Following cFPI induced DAI in the adult mouse optic nerve, we found axon terminal loss occurred in its downstream target, the dorsal lateral geniculate nucleus (dLGN). However, over time, the remaining intact axon fiber population underwent structural reorganization of pre-synaptic terminals in a manner consistent with axon terminal sprouting and adaptive recovery. Our findings support the hypothesis that in the adult mammalian brain, surviving subcortical axons and their axon terminals are capable of dramatic reorganization following mTBI induced DAI. We believe that these findings have important implications for our understanding of DAI and its consequences in humans, while providing important insight into the repair and restoration of function following mTBI.
Materials and methods

Experimental design
Adult male C57BL/6J mice (9-12 weeks) were sourced directly from Jackson Laboratory (Bar Harbor, ME) or bred and maintained in house. Animals obtained directly were kept in house for 48 h to habituate to our vivarium prior to experiments. Animals were then subjected to mild central fluid percussion injury (1.40 ATM ± 0.05), as previously described (Greer et al., 2013; Hånell et al., 2015; Wang et al., 2011 Wang et al., , 2013 . In brief, the fluid pressure pulse in this model results in a brief deformation of the brain through an intact dura and induces diffuse traumatic axonal injury in the optic nerve approximately 1 mm proximal to the chiasm as well as other neocortical and subcortical sites not addressed in the current study.
As employed, the model involved the induction of general anesthesia in adult male mice with inhaled isoflurane (b5%) before placing their head in a stereotactic frame. Toe pinch reflexes were monitored during surgery and isoflurane concentration adjusted to maintain depth of anesthesia. The skin was opened over the skull and retracted to allow for a 3 mm wide craniotomy midway between lambdoid and bregma cranial sutures. Care was taken to keep the underlying dura intact and a dissecting microscope was used to ensure dural integrity as well as prevention of injury to the large sagittal vascular structures. A luer hub was fixed in place over the craniotomy with dental cement and the animal was allowed to recover from anesthesia for approximately 1 h. The animal was then anesthetized (4% isoflurane) again prior to mounting to the fluid percussion device and the impulse delivered to the intact dura of the mouse brain. Sham-injured animals received the same surgeries including, craniotomy, the mounting of the luer hub and attaching the animal to the fluid percussion device, with the absence of the injury that results from release of the pendulum. During surgery to perform craniotomy and implant the luer hub, each mouse was monitored using a pulse oximeter sensor to collect blood oxygen saturation, heart rate, and respiratory rate. Post-injury or sham procedure, return of toe pinch reflex as well as righting reflex were recorded.
The animals were prepared for histologic analysis at 4, 10, and 20 days after injury. The early time point of 4 days was selected to allow axonal disconnection to reach its apogee prior to evaluation of deafferentation based on our previous report (Wang et al., 2011) . We previously examined mTBI retinas for RGC death induced by DAI and demonstrated that the injured/axotomized RGCs continue to survive up to 28 days after injury (Wang et al., 2013) . The time points of 10 and 20 days were chosen based on mouse studies evaluating deafferentation and recovery in the visual axis (Benowitz and Yin, 2008; Lima et al., 2012) . For the histological analyses, the animals were prepared in three difference fashions for either immunohistochemistry, CTB, or routine histopathology. Animals prepared for CTB fluorophore visualization or VGLUT2 immunohistochemistry were sacrificed via intraperitoneal overdose of sodium pentobarbital. Those prepared for CTB visualization were transcardially perfused with 25 mL of heparinized 0.9% saline (1 u/mL) followed by 200 mL of 4% paraformaldehyde dissolved and filtered into Millonig's buffer (pH 7.4). Animals undergoing VGLUT2 immunohistochemistry or standard histologic preparation in plastic sections were perfused in a similar fashion with the addition of 0.2% glutaraldehyde to the fixative perfusion solution. The brain, optic nerves, and eyes of each animal were post-fixed in their respective fixative for 24 h and stored at 4°C in Millonig's buffer until sectioning. All protocols used in this study were approved by the Institutional Animal Care and Use Committee of Virginia Commonwealth University.
Examination of mTBI induced retinogeniculate axon terminal loss via VGLUT2 immunohistochemistry
For analysis of VGLUT2 immunoreactive axon terminal loss and recovery, animals were prepared as described above for mTBI (1.4 ± 0.05 ATM) or sham injury. Sham animals were prepared from littermates of mTBI animals and were sacrificed at similar time points following surgery. Our inclusion criteria were the absence of dural injury during surgical procedures, adequate wound healing following injury or sham-injury, normal feeding and drinking, and normal grooming in days following surgery. All animals prepared for VGLUT2 immunohistochemistry met inclusion criteria and therefore none were excluded from analysis. A total of 6 sham animals together with 4-5 mTBI animals for each post-injury time point were used to generate sections for analysis (Sham N = 6, 4 day mTBI N = 4, 10 day mTBI N = 5, 20 day mTBI N = 5). Free floating coronal sections (40 μm) were obtained using a vibrating blade microtome (Leica VT1000 S). We determined a randomized start point and collected alternating sections through the entire left and right dLGN for each animal. Immunohistochemistry was performed on all collected sections by a blinded investigator. Sections were serial washed in phosphate buffered saline (PBS) before incubating for 1 h at room temperature in blocking solution containing; 0.3 M glycine (Sigma-Aldrich), 2.5% bovine serum albumin (Electron Microscopy Sciences), and 2.5% normal goat serum (S1000, Vector Labs), in phosphate buffered saline (pH 7.2). Sections were then incubated overnight at room temperature on oscillating stage with 1:2000 dilution of affinity purified rabbit anti-VGLUT2 polyclonal IgG antibody (Synaptic Systems, Cat. No. 135 303) diluted into solution containing; 2.5% BSA, 2.5% NGS, 0.5% triton X-100 (Sigma-Aldrich), in PBS (pH 7.2). Following serial washes in antibody free blocking solution, sections were incubated in poly-clonal goat anti-rabbit IgG antibody conjugated to Alexa 568 (Life Technologies, Cat. No. A-11036) at 1:500 dilution in above blocking solution for 2 h. Sections were serial washed in PBS, then phosphate buffer, followed by mounting with anti-fade mountant (Life Technologies, Cat. No. P-36931) and cover slipped. Slides were allowed to cure protected from light overnight and edges sealed with nail varnish prior to imaging.
Confocal microscopy was performed for qualitative examination of VGLUT2 positive axon terminals using a Zeiss LSM 700 scanning laser microscope with a Nikon Plan-Apochromat 63×/1.57 objective. The derived Z-stack images were obtained with consideration of Nyquist sampling and saved in CZI format for later examination. Images were processed using Zen Black (Carl Zeiss) to produce maximum intensity projections from Z-stacks.
Quantitative assessment of images obtained from immunohistochemistry for VGLUT2 was performed on sections through dLGN that receive projections from both eyes due to report of potential for reorganization between ipsilateral and contralateral projections following monocular sensory deprivation in adult mice (Coleman et al., 2009; Feldman, 2003) . This region is well described as the anterior-posterior (AP) midline of dLGN and can be identified through anatomic landmarks of its borders (Godement et al., 1980) . Sections with anatomic or processing artifacts such as large perforating vessels or bubbles in the mountant which could bias analysis were excluded by a blinded investigator. Sections identified in a blinded fashion as containing the anterior-posterior midline of dLGN were imaged using monochromatic mode on a digital camera (Olympus DP 71) mounted to an epifluorescent upright microscope (Nikon E800) and illuminated using LED light source passed through a dichroic filter for 568 nm and magnified with a 10× primary objective (Nikon Plan Fluor 10×/0.30). Background fluorescence was removed using background subtraction tool in ImageJ (NIH) with rolling ball radius set to 100. The area surrounding dLGN was cropped out using the polygonal lasso tool in Photoshop CS6 (Adobe) by a blinded investigator and images were converted from greyscale using the threshold function set to 20% such that in the final image, the area around dLGN was white, the area of dLGN was black, and the signal from the immunofluorescent marker was red. Using a custom software module, the number of red pixels was compared to the number of red or black pixels to derive a percent value for the area of each section through dLGN with VGLUT2 immunoreactivity. Sham animals sacrificed and perfused at different time points following surgery were pooled for analysis. Statistical comparisons between sham and each of the three time points following mTBI were performed as described below in Image analysis and statistical methods sections.
Examination of retinogeniculate axon terminal loss following mTBI through anterograde tract tracing
In a separate experiment, mice subject to sham or mTBI were subjected to intravitreal injection of recombinant cholera toxin subunit β (CTB) conjugated to Alexa 488 or Alexa 594 fluorescent dye (Thermofisher Scientific, Cat. Nos. C34775 and C34777). This tracer allows visualization of axonal projections and axon terminals without reliance on immunohistochemistry and also allows separation of projections from either eye based on the Alexa dye conjugated to the CTB molecule (Demas et al., 2006; Fort and Jouvet, 1990) .
Mice were anesthetized with intraperitoneal injection of Ketamine (10 mg/ml) and Xylazine (0.5 mg/ml) solution diluted in sterile phosphate buffered saline with delivered volume based on weight of animal (0.01 ml/g). A puncture 1 mm behind the limbus at the superior temporal aspect of the eye was made using a 30-gauge sterile needle and approximately 3 μl of vitreous fluid aspirated using a pulled borosilicate glass pipet. Using a separate clean pulled glass pipet, 3 μl of 1% CTB reconstituted in sterile phosphate buffered saline was injected using a picospritzer into each eye with CTB conjugated to Alexa 488 injected into the right eye and CTB conjugated to Alexa 594 injected into the left eye for each animal. The pipet was left in place for approximately 30 s prior to removal. Body temperature was maintained with a heating pad (Harvard Homeothermic Blanket) during eye injection as well as recovery period before being returned to the vivarium. Animals were sacrificed and perfused with heparinized saline and 4% paraformaldehyde fixative 72 h following eye injection and post-fixed for 24 h in 4% paraformaldehyde.
The retinas of all animals were dissected from the remainder of the orbit and flat mounted to glass slides with 0.15 mm thick cover slips superglued in place to either side of the retina before being mounted with Prolong Gold (Life Technologies, Cat. No. P-36931). A larger cover slip was laid to rest on the smaller cover slips to cover the flattened retina and the edges sealed with clear nail varnish prior to imaging on Nikon E800 epifluorescent microscope. A total of 4 animals per mTBI time point or sham cohort were selected for eye injections and projection analysis however animals were rejected and replaced if examination of the retinas post-fixation revealed dural injury, retinal injury, or non-uniform RGC labeling. One animal in the 4 day TBI group was rejected after image acquisition due to high background fluorescence which when subtracted, would also obscure the fluorescent signal such that the result severely under-represented signal from CTB labeled axon terminals. The final number of animals used in analysis is as follows; sham N = 4, 4 day post-mTBI N = 3, 10 day post-mTBI N = 4, 20 day post-mTBI N = 4.
The brains were blocked and free floating coronal sections were obtained at 70 μm through the entire length of dLGN on a vibratome and serial mounted to glass slides with Prolong Gold containing DAPI. Slides were allowed to cure protected from light overnight and edges sealed with nail varnish prior to storage at −20°C until imaging. We noted differences in signal to background fluorescence for each of the two fluorophores used as well as between different batches of fluorophores obtained from Thermofisher scientific. This potential confound was obviated by processing sham and mTBI groups simultaneously and also accounted for by sampling both sides of each brain equally.
For imaging of sections from CTB injected animals, adjustment to exposure time made during imaging due to animal to animal variability in background fluorescence and Alexa signal intensity were kept constant between sections from the same animal. The exposure settings were recorded for each animal and comparable between sham and injury groups. Each fluorophore was imaged using monochromatic mode on the Olympus DP 71 camera attached to a Nikon E800 epifluorescent microscope. Illumination was performed using UV LED light source passed through dichroic filters for Alexa 488 or Alexa 594 depending on the fluorescent channel being captured. Images of all sections through dLGN were examined and all sections through the AP midline for each dLGN were identified by recognition of ipsilateral and contralateral projections by a blinded investigator. Samples were excluded, however, if they contained large anatomic or processing artifacts that obscure the region of interest.
On images of dLGN containing both CTB conjugated Alexa dyes, corresponding to the AP midline of dLGN, the area representing dLGN was cropped out from the surrounding structures using the polygonal lasso tool in Photoshop CS6 (Adobe) by a blinded investigator. The same investigator removed background fluorescence by adjusting the level function in Photoshop for each fluorophore until the fluorescent signal in the adjacent thalamus was no longer present in each sample. Threshold percentage used for conversion of signal images to binary images were also determined by the blinded investigator who used the threshold percent value that best represented the observed signal from the fluorophores (Muir- Robinson et al., 2002; Torborg and Feller, 2004) . Threshold percentage ranged from 16% to 63% for both red and green channels with a mean threshold of 30% (±7.8% std. dev) for the green channel and a mean threshold of 38% (± 10.0% std. dev) for the red channel. The resulting image labeled ipsilateral or contralateral axon terminal projections red or green, the overlap between the two projections as yellow, and the remaining area of dLGN as black. Using again the custom software module, a percentage value was derived for percent of dLGN section area covered by ipsilateral or contralateral projections as well as overlap between ipsilateral and contralateral projections. Statistical comparisons were performed using parametric or non-parametric comparisons between data from sham animals and animals from each time point following mTBI.
Examination of CTB fluorescent signal within contralateral zone of dLGN
Within the contralateral region of dLGN, which only receives input from the contralateral eye, there are anatomical subgroups of axon terminals that segregate between projecting to the dorsal shell of dLGN and projecting to the inner core (Huberman et al., 2009; Huberman and Feller, 2008; Rivlin-Etzion et al., 2011; Sanes and Masland, 2015) . To identify changes within the shell and core, we compared Alexa dye fluorescent signal in images of CTB injected mice after background fluorescence has been removed using the level adjustment tool in Photoshop. Animals prepared for CTB analysis above were re-analyzed through the grey scale images of only contralateral projections in dLGN (Sham N = 4, 4 day mTBI N = 3, 10 day mTBI N = 4, 20 day mTBI N = 4). Using all the sections we collected through the CTB labeled dLGN, a blinded investigator selected, using ImageJ (NIH), a vertical plot profile through the patch of contralateral projections for each section of dLGN. The optic tract where it enters dLGN was used as the top border while the bottom border was defined by the beginning of the thalamocortical tract in each section (Fig. 5A) . Sections with anatomic artifact that may bias results were excluded by the investigator. The plot profile values were then normalized to the selected region by subtracting the minimum value from each raw value and dividing the result by the difference between the minimum and maximum fluorescence. The results were then binned at 5% intervals of the depth from surface of the optic tract to derive a final percentage of average fluorescent intensity for each bin (Huberman et al., 2009) . Values for each binned width were compared between the three time points and sham animals as seen in Fig. 5B .
Routine histologic screening to assess the presence of DAI in the optic nerve
The eyes and optic nerves of a sham-injured mouse and a 4 day postmTBI mouse used for immunohistochemistry were dissected free from surrounding structures up to the level of the optic chiasm and removed from the surrounding brain by transection of the optic tract. The orbits of the eyes as well as the associated musculature were removed with sharp dissection from the optic nerves. The remaining optic nerve, chiasm, and beginning optic tract were placed en bloc in 2% osmium tetroxide in 0.1 M phosphate buffer (pH 7.2) for 90 min. After serial rinses in 0.1 M Millonig's buffer (pH 7.4), the tissue was then dehydrated with 15 min incubations in a gradient of cold EtOH dilutions ranging from 30% to 95% in 10% increments. Dilutions stronger than 50% contained 1% uranyl acetate. Finally, tissue is dehydrated with 100% EtOH through 3 incubations before incubating with propylene oxide. Tissue is then incubated with propylene oxide and EM resin (Electron Microscopy Sciences) overnight. Next day, tissue is changed into new EM resin for embedding and placed in oven at 55°C. Resin molds containing both the right and left optic nerves were sectioned longitudinally on an ultramicrotome (Carl Zeiss) to produce sections with 1 μm thickness. Sections were then counterstained with toluidine blue before cover slipping with Permount mounting media (Fisher Scientific). Qualitative analysis of optic nerve sections was performed through multiple longitudinal sections to identify DAI pathology as well as intact axons. Images were taken using routine light microscopy with a DP71 digital camera attached to Nikon E800 and 100× oil immersion objective (NA 0.72).
Image analysis and statistical methods
As reported previously, our injury model induces diffuse axonal injury symmetrically throughout the brain and optic nerves (Greer et al., 2013; Wang et al., 2011) . The dLGN on both sides of each animal was treated as internal replicates. Brain sections representing the entire rostrocaudal length of dLGN were identified and all sections through the AP midline of each dLGN were pulled for analysis unless specifically stated otherwise. All sections through the dLGN were treated as independent observations for each group analyzed. Images were analyzed by a blinded investigator to remove background fluorescent signal and/or convert 8-bit images to binary thresholded images. Percentage of dLGN covered by CTB signal or VGLUT2 signal was determined using a custom software module courtesy of lab of Dr. William Guido. The software used the binary threshold images to compare the number of pixels coinciding with either CTB fluorophores or VGLUT2 fluorescent signal with the number of pixels coinciding with area of dLGN to derive a value for the percentage of dLGN covered by each CTB fluorophore or VGLUT2 fluorescent signal.
Statistical analysis was performed using JMP Pro 11 (SAS Institute Inc.). Determination of whether to use parametric or non-parametric inferential statistics was assessed using Levene's test to compare variance of groups in each dataset. For datasets with equal variance between groups, one-way analysis of variance (ANOVA) was performed, followed by pair-wise comparison utilizing Tukey-Kramer HSD to account for multiple comparisons. For datasets where Levene's test demonstrated unequal distribution of variance, variance was analyzed utilizing the Kruskal-Wallis non-parametric test, followed by Steel-Dwass post-hoc analysis to account for multiple pair-wise comparisons. Statistical significance was set at a p b 0.05 for all datasets and all comparisons.
Results
Physiological assessment of animals undergoing craniotomy and mild traumatic brain injury
To establish validity of comparison between animal groups, several assessments were made to address potential of experimental variability. Animals weighed prior to surgery showed no significant differences in weight between groups (Sham = 23.23 ± 1.55 g, 4 day mTBI = 25.82 ± 0.94 g, 10 day mTBI = 24.44 ± 2.82 g, 20 day mTBI = 24.54 ± 2.26 g; ANOVA F(3, 30) = 2.024, p = 0.132). Through the use of pulse oximetry during surgery, we found no incidence of hypoxia and no differences with respect to mean arterial blood oxygen saturation (Sham = 96.87 ± 2.74%, 4 day mTBI = 96.66 ± 1.97%, 10 day mTBI = 96.65 ± 2.84%, 20 day mTBI = 97.20 ± 1.38%; ANOVA F(3, 30) = 0.093, p = 0.963) or mean respiratory rate between groups (Sham = 56.34 ± 10.11, 4 day mTBI = 65.79 ± 14.96, 10 day mTBI = 59.21 ± 6.58, 20 day mTBI = 60.24 ± 11.67; ANOVA F(3, 30) = 1.031, p = 0.393). Length of anesthesia used for each animal was also comparable (Sham = 38.92 ± 2.88 min, 4 day mTBI = 39.05 ± 4.40 min, 10 day mTBI = 47.17 ± 3.68 min, 20 day mTBI = 43.86 ± 4.11 min; ANOVA F(3, 30) = 1.06, p = 0.380). Examination of variation in the severity of injury between injury groups as measured in ATM also reveals no differences (4 day mTBI mean = 1.42 ± 0.02 ATM, 10 day mTBI mean = 1.41 ± 0.03, 20 day mTBI mean = 1.42 ± 0.02; ANOVA F(2, 22) = 0.437, p = 0.651).
Following sham-injury or mTBI, animals were assessed for toe pinch reflex as well as righting reflex, a correlate of the return of consciousness in rodent models. We noted no death, apneic periods, or epileptiform motor movement in any animals following sham-injury or mTBI.
While there was no statistical difference in return of toe pinch reflex between groups (Sham mean = 37.8 ± 11.6 s, 4 day mTBI mean = 33.6 ± 13.1 s, 10 day mTBI mean = 60.2 ± 10.9 s, 20 day mTBI mean = 46.3 ± 12.3 s; ANOVA F(3, 30) = 1.03, p = 0.394), with respect to return of righting reflex, we noted a clear delineation between Sham and mTBI animals (Sham mean = 50.0 ± 12.3 s, 4 day mTBI 244.3 ± 14.0 s, 10 day mTBI 252.5 ± 11.7 s, 20 day mTBI 257.5 ± 13.1 s). Due to unequal variance based on Levene's test (F(3, 30) 
Basic pathological response to mTBI: I. Macroscopic change
To confirm the reproducibility of our model, we performed qualitative assessment of brain tissue following sham-injury or mTBI. Consistent with mild TBI, no areas of macroscopic necrosis, contusion, subdural or subarachnoid hemorrhage were found in any of the animals studied. Epidural hematomas were found in both sham and injured animals, however, no volume assessments were performed as the hematomas were always restricted to the craniectomy site and peeled away during removal of the skull or removal of the dural membrane. The underlying brain was always visibly free of hematoma or hemorrhage after dissecting off the meninges.
The optic nerves were intact and non-hemorrhagic, although, at all post-injury time points, bilateral thinning was observed in the optic nerve segments just rostral to the optic chiasm. In contrast, the optic nerves in sham animals maintained a constant thickness along their length. Upon brain sectioning of sham and mTBI animals, no signs of hemorrhage were noted within the ventricles or parenchyma of either group. The mTBI sections did not exhibit any petechial hemorrhages within the cortex, thalamus, or along white matter tracts which is also consistent with the mild nature of our injury model.
Basic pathological response to diffuse axonal injury: II. Microscopic change
As seen in Fig. 1A , plastic embedded thick sections of optic nerve from sham animals demonstrated many thinly myelinated axons as well as their supporting glia and vasculature consistent with previous studies (Inman et al., 2006; Joos et al., 2010; Mabuchi et al., 2003; Mikelberg et al., 1989) . At 4 days post-injury, as seen in Fig. 1C , microscopy revealed scattered diffuse axonal damage found among numerous intact axons within the optic nerve segments rostral to the chiasm which is consistent with our previous descriptions in this model (Wang et al., 2011 (Wang et al., , 2013 . Examination of VGLUT2 immunoreactivity within dLGN allowed for identification of the retinogeniculate axon terminals downstream of the injured optic nerve. Assessment of this immunoreactivity in our sham-injured animals was consistent with previous reports of normal VGLUT2 immunoreactivity by others (El-Danaf et al., 2015; Hammer et al., 2014 Hammer et al., , 2015 . Within sham animals, the distribution of VGLUT2 immunoreactivity occurred in large clusters of variable size, likely composed of multiple axon terminals as they synapse on proximal dendrites of relay neurons. These axon terminal clusters appeared evenly distributed throughout dLGN, a finding consistent with reports on the normal ultrastructure of retinogeniculate synapses upon relay neurons within dLGN (Bickford et al., 2010 Guido, 2008; Hammer et al., 2014 Hammer et al., , 2015 Morgan et al., 2016) . Comparison of VGLUT2 immunoreactivity in mTBI animals 4 days post-injury to sham demonstrated the persistence of clusters (Fig. 1B & D) , however, the clusters in dLGN were more widely separated from each other, suggestive of axon terminal loss.
Further analysis of the optic nerve using CTB conjugated with Alexa fluorescent dyes demonstrated homogeneous filling in sham-injured animals. Coronal cross sections of the optic nerve from the optic disc to the chiasm demonstrated uniform labeling of right and left RGC axon tracts using epifluorescent microscopy (Fig. 2B) . The right and left RGC axon tracts remained identifiable as they decussated within the optic chiasm into ipsilateral and contralateral fibers for each side of the optic tract. While homogeneous filling was also seen in proximal coronal sections of both optic nerves in mTBI animals, we also noted scattered bright puncta within the injured segment of both optic nerves and drop in fluorescence in sections closer to the chiasm. These findings are correlates of the DAI described above and in previous publications from our lab (Wang et al., 2011) . Although not critically evaluated in the current study, it is of note that in both the sham and injured animals the fluorescence was not only homogenously distributed in the optic nerve, but also homogenously distributed in its established downstream projections, including the olivary pretectal nucleus, superior colliculus and LGN.
Evidence for mTBI/DAI induced deafferentation and reorganization in downstream target dLGN via VGLUT2 immunohistochemistry
To quantify the changes in VGLUT2 immunoreactivity within dLGN of animals at all three time points following mTBI or sham injury, we used an index based on the percentage of the dLGN area occupied by VGLUT2 immunostaining as detailed in the methods section and demonstrated in Fig. 3 . Specifically, the total area of dLGN that exhibited VGLUT2 immunoreactivity decreased at 4 days post-injury by approximately 26% compared to sham animals (Sham = 61.6%, 4 day mTBI = 45.5%, p b 0.0001). However, by 10 days post-injury, we noted a significant increase in area of dLGN demonstrating VGLUT2 immunoreactivity by approximately 22% compared to 4 days post-injury (10 day mTBI = 55.6%, p = 0.0007). This increased distribution persisted at 20 days post-injury compared to 4 days post-injury (20 day mTBI = 53.5%, p = 0.0109). Of note, neither the 10 day nor the 20 day post-injury group demonstrated full recovery of VGLUT2 immunoreactivity to sham levels and the difference on pairwise comparison was statistically significant for both pairs (10 day mTBI vs sham p = 0.0493, 20 day mTBI vs sham p = 0.0033). Lastly, pairwise comparison of VGLUT2 immunoreactivity in 10 day and 20 day post-injury groups were found equivalent (p = 0.816). Statistical analysis of the derived percentages was examined using Levene's test which demonstrated equal variances in the data from sham and all time points following mTBI (F(3, 116) = 2.397, p = 0.072). Analysis of variance (ANOVA) between samples from all four groups demonstrated significance of differences in variance (F(3, 116) = 14.767, p b 0.0001). Pair-wise comparisons between groups were performed utilizing Tukey-Kramer HSD to account for false discovery rate.
Confirmation of deafferentation and reorganization following DAI using anterograde tract tracing
While VGLUT2 immunohistochemistry in dLGN is specific for retinogeniculate axon terminals in adult mice, it does not allow discrimination of whether the examined axon terminals originated from the ipsilateral or contralateral eye. We therefore performed anterograde tract tracing using fluorescent Alexa dyes conjugated to CTB to label axon terminals in mice that have undergone sham-injury or mTBI at the same time points addressed using VGLUT2 immunohistochemistry. By injecting recombinant cholera toxin subunit β (CTB) conjugated to Alexa 488 or Alexa 594 into the right or left eye respectively after injury, we identified all retinorecipient brain regions connected to either retina through ipsilateral or contralateral projecting axons. Evaluation of all downstream targets of retinal ganglion cells in sham animals using epifluorescent microscopy demonstrated appropriate labeling of all subcortical targets including the superior colliculus, olivary pretectal nucleus, suprachiasmatic nucleus, ventral LGN, and intergeniculate body in addition to dorsal LGN. Additionally, through the use of the two fluorophores, we observed the distribution of ipsilateral and contralateral projections within these domains as reported by others (Muir-Robinson et al., 2002; Torborg and Feller, 2004) . In contrast, the injured animals demonstrated decrease of CTB fluorescent signal in all subcortical targets mentioned above (not shown).
We quantitatively compared retinogeniculate axon terminals between the sham-injury group and the three time points following mTBI as we did using VGLUT2 immunohistochemistry. As noted previously, a percentage value for each section labeled through anterograde CTB labeling was derived as a percentage of dLGN area covered by CTB positive axon terminals from ipsilateral and contralateral projections. The measured overlap was then subtracted from the sum of ipsilateral and contralateral values to derive the percentage of dLGN labeled by axon terminals irrespective of the eye of origin. The derived percentages in each experimental group were then compared and presented in Fig. 4 . Statistical analysis demonstrated unequal variance between groups using Levene's test (F(3, 97) = 3.927, p = 0.0108). We therefore used Kruskal-Wallis non-parametric comparison to demonstrate significance between groups (X 2 = 70.945, p b 0.0001). Using Steel-Dwass method to account for multiple pairwise post-hoc comparisons, we noted a 36% reduction in area of dLGN with fluorescent labeling at 4 days post-injury compared to sham-injury (Z = 6.182, p b 0.0001). Mirroring our findings using VGLUT2 immunohistochemistry, we report that compared to 4 days post-injury, there is 23% increase in fluorescently labeled area at 10 days post-injury (Z = 3.650, p = 0.0015) and 26% increase at 20 days post-injury (Z = 4.097, p = 0.0002). Also, as noted for VGLUT2 immunohistochemistry, the partial recovery at 10 and 20 days post-injury did not reach sham values (Z = 6.223, p b 0.0001 and Z = 5.980, p ≤ 0.0001 respectively). Moreover, no statistically significant change was witnessed from 10 days post-injury to 20 days post-injury (Z = 0.278, p = 0.9925), further suggesting that the axon terminal reorganization demonstrated through both VGLUT2 immunohistochemistry and CTB anterograde tracing did not recovery to sham levels by the time points chosen for this study.
3.5.1. Evaluation of eye specific axon terminals in dLGN following injury and reorganization in adult mouse In addition to examination of dLGN area containing retinogeniculate axon terminals, we also examined the deafferentation and the subsequent reorganization response in relation to the overlap of ipsilateral and contralateral axon terminal fields within the AP midline of dLGN. Within this portion of dLGN, ipsilateral and contralateral axon terminals overlap significantly during the perinatal period and strongly segregate before adulthood (Guido, 2008; Huberman et al., 2002) . Due to the fact that all retinogeniculate axons express VGLUT2, our immunohistochemical analysis did not allow direct quantification of axon terminals based on retinal origin. This limitation was overcome by using recombinant CTB conjugated to different fluorescent Alexa dyes for each eye. In adult sham-injured animals, we demonstrated that the retinogeniculate axon terminal population maintained strong segregation of ipsilateral and contralateral inputs to the dLGN with average overlap measured 5.45%. By comparison, when comparing overlap between ipsilateral and contralateral projections in dLGN among TBI animals, there is even less overlap measured between the two axon terminal populations (4 day TBI = 0.68%, 10 day TBI = 1.56%, 20 day TBI = 2.08%) (Fig. 4) . Statistical analysis of the dataset demonstrated heteroscedasticity of data (Levene's test, F(3, 97) = 7.672, p = 0.0001) and thus non-parametric comparison using Kruskal-Wallis test was utilized to demonstrate significance between the percent of overlap of ipsilateral and contralateral projections in our comparison groups (X 2 = 68.4268, p b 0.0001). Each pair-wise comparison of differences using SteelDwass post-hoc analysis was found to be significant except for between 10 days and 20 days post-injury (Z = 1.8042, p = 0.271). Despite the trend of increasing overlap over time following injury, at 20 days post-injury, the measured overlap was still less than that present in our sham-injury group. Analysis of only ipsilateral or only contralateral CTB labeled projections demonstrated the same pattern of loss at 4 days post-injury when compared to sham-injury animals, and similar reorganization at 10 days post-injury which persisted at 20 days post-injury. Analysis of variance of ipsilateral projecting retinogeniculate axon terminals demonstrated significance between Sham and TBI groups (F(3, 97) = 37.80, p b 0.0001). Post-hoc analysis using Tukey-Kramer HSD confirmed significance of difference between Sham and all injury groups, as well as between 4 day post-injury group and both 10 and 20 day post-injury groups (p b 0.05). Comparison between 10 day post-injury and 20 day post-injury groups again demonstrated no significance (p = 0.91). Examination of contralateral projections yielded similar results. Due to the differences in variance between groups, non-parametric test was utilized for comparison and demonstrated differences between groups (Kruskal-Wallis, X 2 = 63.1948, p b 0.0001). Pair-wise comparisons were all found to be significant (Steel-Dwass, p b 0.007) except for 10 day post-injury vs 20 day post-injury (p = 0.999). These considerations further suggest reorganization within dLGN following mTBI reaches equilibrium prior to reaching the distribution identified in sham animals at the chosen time points used.
3.5.2. Evaluation of axon terminals from specific RGC subpopulations in the contralateral zone of dLGN following injury and reorganization in adult mouse In addition to dLGN being divided between regions which receive ipsilateral and contralateral visual input, the contralateral retinorecipient zone in dLGN is further organized into a dorsal shell and ventral core. Both the shell and core of this area in dLGN receive segregated inputs from specific unique subpopulations of retinal ganglion cells that only project to the contralateral dLGN and can be used to further differentiate changes in VGLUT2 immunolabeled as well as CTB labeled axon terminals within dLGN.
In sham animal sections that underwent immunohistochemistry for VGLUT2, there was no significant distinction found in axon terminal distribution between the shell and core of the contralateral zone (Fig. 3A) . By contrast, at 4 days post-injury, we observed a marked drop in VGLUT2 immunolabeled axon terminal clusters in the core of dLGN while the shell appeared relatively spared of axon terminal cluster loss (Fig. 3B) . Moreover, while the distinction between the shell and core Fig. 4 . Through the use of CTB conjugated to Alexa dyes to label retinogeniculate axon terminals, we find uniform labeling of ipsilateral and contralateral projecting axon terminals within both sides of dLGN (A). Images are adjusted for background fluorescence (B) before conversion to binary color scale images (C) for quantification of axon terminal reorganization. Examination of the percent of dLGN labeled by both ipsilateral and contralateral projecting axon terminals demonstrates a significant loss at 4 days post-injury which recovers at 10 days and 20 days post-injury. Examination of overlap between ipsilateral and contralateral projections demonstrates reorganization involves changes in the overlap between the two fiber populations however segregation is maintained relative to sham condition. Error bars derived from standard deviation. Asterisk over bars indicate comparison p value is b0.05, n.s. = no significance.
persisted at 10 days and 20 days post-injury, the difference in VGLUT2 labeling was less apparent (Fig. 3C & D) . Together, these changes in VGLUT2 expression within the shell and core of the contralateral zone are suggestive of reorganization. Efforts to quantify these differences in the shell and core through VGLUT2 immunohistochemistry were, however, unsuccessful due to narrow dynamic range of fluorescent signal intensity in examined sections.
In contrast to VGLUT2 immunohistochemistry, comparison of the relative fluorescent intensity in dLGN of axon terminals labeled by Alexa fluorophore in CTB injected animals demonstrated relatively stronger fluorescent signal in the shell compared to the core in both sham and mTBI animals (Fig. 5B) . When we compared the relative fluorescent signal of the shell to the core in sections from 4 day post-injured animals, the difference in relative fluorescence between the shell and core was larger, suggestive of vulnerability of the core to axon terminal loss or general sparing of axons which project preferentially to the dorsal shell. By 10 days post-injury, however, the core demonstrated more fluorescent signal intensity compared to 4 days post-injury and furthermore, at 20 days post-injury, the difference in signal between the shell and core continued to gradually approach the distribution pattern in sham animals. In conjunction with the results of the VGLUT2 immunohistochemistry data analysis, these findings support the premise that following DAI, a reactive response occurs in the intact axon population to repopulate lost input to dLGN relay neurons and that this response maintains eye specific segregation suggestive of adaptive structural plasticity.
Discussion
In this current study, we utilized the mouse central fluid percussion injury model of mild TBI to induce diffuse axonal injury in the optic nerve. Using with two independent methods to identify the downstream axon terminal fields of injured axons and by evaluating both the deafferentation and reorganization response among axon terminals in dLGN, we provide for the first time, insight into the potential consequences of mTBI induced DAI. One of the three vesicular glutamate transporters expressed in mammalian central nervous system, VGLUT2, is necessary for glutamatergic transmission in the diencephalon where dLGN forms and develops and is the specific isoform of VGLUT present in retinogeniculate axon terminals (El-Danaf et al., 2015; Hammer et al., 2015; Moechars et al., 2006) . In this regard, VGLUT2 immunohistochemistry provided us with a highly specific method to identify and compare retinogeniculate axon terminals in dLGN across each time point. As a result, we have exceptional confidence in the quantification of our findings demonstrating axon terminal loss and subsequent reorganization through the analysis of dLGN area with VGLUT2 labeling.
Our use of anterograde axon terminal labeling with CTB conjugated to fluorescent dyes provided further insight into the reorganization of dLGN following DAI. Recombinant CTB labels neurons by irreversibly binding with GM1 gangliosides that diffuse along all fine projections of labeled neurons in both anterograde and retrograde fashion (Fort and Jouvet, 1990) . In contrast to immunohistochemistry, anterograde tracing assures that epitope masking or cross reactivity of antibodies is not a confounder, thus increasing sensitivity to find changes in axon terminal distribution. Additionally, by using two different fluorophores conjugated to CTB for right and left eyes in each animal, we were able to demonstrate that not only is there axon terminal loss following DAI and subsequent reorganization, but also that this reorganization maintained the adult pattern of segregation between ipsilateral and contralateral axon terminals within dLGN. Use of an anterograde tracer such as CTB also provided confirmation that the dLGN axon terminals identified in our experiments remained contiguous with their soma of origin as the molecule does not diffuse across synapses or disassociate once it is bound to its target, GM1 ganglioside (Fort and Jouvet, 1990) . As CTB diffuses to all projections of labeled neurons, we are again reassured that the observed reorganization is not secondary to changes in strengthened latent connections but rather a structural reorganization among the intact retinogeniculate axon population. While we did not directly examine dLGN for cell loss or subtle structural changes, sections from injured animals did not demonstrate thalamic contusion or intraparenchymal bleeds suggestive of primary dLGN damage that could confound our analysis with either CTB anterograde tracing or VGLUT2 immunohistochemistry. Moreover, it is difficult to envision how the large scale adaptive neuroplastic changes observed in this study could occur in a disordered thalamic environment.
In addition to demonstrating the potential for axon terminal reorganization within dLGN of adult mice following mTBI, we have also demonstrated the potential for different subpopulations of retinal ganglion cells to respond differently to DAI. Despite the homogeneous nature of injury within the optic nerve, we observed differences in reorganization between the shell and core of the dLGN contralateral zone. Specifically, axon terminals projecting to contralateral zone shell remained identifiable following injury compared to axon terminals projecting to the contralateral zone core. This finding suggests that RGCs and their axons that project to the shell of dLGN are more resilient than their counterparts projecting to Fig. 5 . In panel A, a section of dLGN from a sham mouse injected with CTB is shown. The shell is marked with asterisks. Using a rectangular window, we measured the plot profile of Alexa dye pixel intensity along the depth of the dLGN within the region receiving only contralateral inputs using methods described by Huberman et al. We normalized the values at each position along the depth using the formula above, where Fmin is the minimum fluorescence value, Fmax is the maximum fluorescence value, and Fraw is the signal intensity along each pixel width of the box for each given section. Normalized fluorescence values were binned at 5% intervals of the depth and averaged across all sections from all animals in each experimental group. Panel B demonstrates the change in fraction of max fluorescence as one moves from the dorsolateral edge to the ventromedial edge of dLGN for each group. Scale bar = 20um. Bars represent SEM. N = 3 to 4 animals per group with 3 to 4 samples per dLGN per animal. the core. As an alternative hypothesis, the axon terminals within the shell may reorganize more rapidly compared to their counterparts in the core, however, this is less likely. Both possibilities, however, suggest that different RGC subpopulations respond differently to mTBI.
Through the methods employed in this report, we were unable to determine if the RGC subpopulations that innervated the shell and core of dLGN were the same subpopulations that contributed to axon terminal reorganization in those two regions. This issue can be addressed in future investigations using transgenic labeling of retinal subpopulations. Additionally, while we report that retinogeniculate axon terminals reached equilibrium in reorganization prior to 20 days postinjury, we have not determined if this reorganization continues beyond 20 days. The apparent equivalence between our measurements at 10 days and 20 days post-injury may have masked a dynamic process in which axon terminal sprouting occurred concurrently with axon terminal pruning. Further, the lack of functional or behavioral examination of the visual axis also leaves us without the ability to confirm if the observed reorganization was functionally adaptive or maladaptive. However, as the ventrotemporal retina dominates the contribution to ipsilateral input in dLGN, we believe determination of adaptive vs maladaptive plasticity may be tested through behavioral examination of recovery in central vision or function examination of the binocularly responsive portion of dLGN (Coleman et al., 2009; Howarth et al., 2014; Young et al., 2013) . While behavioral or functional examination of plasticity in RGC projections is beyond the scope of our current report, it remains of great importance to further understanding repair and recovery mechanisms following deafferentation within the adult mammalian brain.
Although current literature addressing mTBI demonstrates the occurrence of DAI as assessed via ultrastructure microscopy and histopathologic markers, the implications of deafferentation secondary to axonal injury has yet to be thoroughly addressed. Few have considered that the axon terminal loss associated with DAI, which most likely contributes to the morbidity associated with mTBI, may also set the stage for recovery via axonal plasticity. Other authors have demonstrated axonal plasticity in the rat thalamus and cortex following cFPI, though these studies utilized a higher energy fluid pressure pulse of 1.9 ATM with the goal of modeling moderate TBI while exploring prolonged survival periods (Hall and Lifshitz, 2010; Thomas et al., 2012) . Using these models, neuroplastic responses were identified via multiple approaches within both thalamic and neocortical circuits following diffuse injury, albeit that in these studies, the observed neuroplastic responses were recognized to be maladaptive. The reasons underlying the differences between these communications and our findings are at the moment unknown, however, the fact that our experiments evaluated neuroplastic changes within the highly compartmentalized and target specific visual axis may be a factor in these differences. Further, since the studies by Hall and Lifshitz and Thomas et al. evaluated longer time points post-TBI, it is possible that they have unmasked the more chronic sequelae of TBI. These issues merit continued investigation of TBI induced dysfunction and recovery in both sensory pathways.
Comparison of the timing of the observed reorganization in dLGN following injury with literature on synaptic recovery in the hippocampus following cFPI demonstrates a similar temporal framework despite the fact that these studies involved a more severe TBI model (Phillips and Reeves, 2001 ). The rapid reorganization here shown in dLGN by 10 days following injury is also in line with literature on timing of recovery in connectivity between CA3 and CA1 of the hippocampus by authors who utilized a rat cortical contusion model of TBI (Norris and Scheff, 2009; Scheff et al., 2005) . While these reports used different TBI models and did not assess areas involving the visual pathway, together, they demonstrate that neuroplastic reorganization can occur in a similar timeframe in rodent systems following TBI, albeit, in some cases, they may be maladaptive.
Using both VGLUT2 immunohistochemistry and CTB anterograde tracing of retinal ganglion cell axon terminals projecting from the retina to the dLGN, we believe our techniques have the sensitivity and specificity to support the premise that the visual system is capable of adaptive axon plasticity following injury and provides new information on how the mammalian brain responds to mild diffuse axonal injury. In addition to our findings' general relevance to DAI and potential brain reorganization, we also believe that these studies provide critical insight into the visual symptoms and their course described in those who have sustained mild TBI. Specifically, mTBI patients with visual symptoms that abated or returned to baseline with rehabilitation may be explained by adaptive axon plasticity as presented in this report (Freed and Hellerstein, 1997; Kapoor et al., 2004; Yadav et al., 2014) . These human studies support the premise that the structural reorganization we report in the dLGN following mTBI occurs as an adaptive rather than a maladaptive response, however, there is limited information on whether visual dysfunction in humans following TBI is due to DAI in the optic nerve or optic radiations. We hope that based on our findings, the consequences of reorganization in the visual axis and other brain regions vulnerable to DAI will be studied in further detail with renewed attention to axonal plasticity in the remaining intact axons.
